During compatible pollination in tobacco, an extracellular matrix (ECM) is secreted from the stigma surface; however, it is unknown whether the pattern of secretion across the stigma depends on the pollen source. In fact, technical limitations have prevented clear observation of ECM secretion. Here, we report the detailed topographic changes on the stigma surface that accompanies intraspecies and interspecies pollination in tobacco using contact mode atomic force microscopy (AFM). Our results, which show the dynamics and time course of ECM secretion after pollination, indicate that a certain pattern of secretion already exists on the stigma prior to pollination. Intraspecies induced a two-step response, characterized by topographical changes on the stigma surface several hours after pollination, which was distinct from the pattern of ECM secretion induced by interspecies pollination. This difference was confirmed by root-mean-square analysis, which assessed the roughness of the stigma surface. Our findings indicate that compatible pollination not only induces ECM secretion from the stigma, but also results in a specific distribution of the ECM. Thus, this study demonstrates the powerful potential of AFM in studying the pollen-stigma interaction.
In angiosperms, the male and female gametes are spatially separated. Pollination involves an interaction between the female tissues (stigma, style and ovary) and the male gametophyte (pollen or pollen tube), which contains the sperm cells. In compatible pollination, a pollen grain lands on the stigmatic epidermis and extrudes a pollen tube. The tube penetrates the stigma and elongates through the style to reach the ovary, where it enters an ovule and pierces the embryo sac. The pollen tube then releases the male gametes and fertilization occurs.
Stigma is the tissue that receives the pollen grain, and in self-compatible species (i.e., in most angiosperms), pollen from the same flower can adhere, hydrate, germinate and penetrate the style. The pollen coat contains many molecules that are involved in the initial interaction of the grain with the stigma [1] . In wet stigmas, an extracellular matrix (ECM) covers the stigma surface and pollen tubes can continue to grow there for some time before penetrating the style. In the case of tobacco, the lipidic ECM provides a water gradient that serves as a directional cue for pollen tube penetration [2] . Among the functional components of the tobacco ECM, a secreted peptide, called phytosulfokine, has been purified [3] . Electron microscopy has been traditionally used to study the pollen-stigma interaction. For example, using transmission electron microscope (TEM), the structures of the molecules that initiate signaling at the stigma surface, which subsequently blocks self-pollination, have been carefully analyzed [4] . Similarly, the meniscus that forms between the stigmatic papilla and the pollen grain within minutes after pollination was discovered using scanning electron microscope (SEM) [5] . Such studies have greatly enhanced our understanding of the morphological and structural characters of the stigma in response to pollination; however, these techniques have certain limitations, which must be overcome before we can analyze the distribution of the ECM across the stigma (i.e., a specific pattern versus a stochastic appearance).
Atomic force microscopy (AFM) produces images with an unprecedented resolution; thus, it has become a powerful tool for structural studies in biology. Indeed, AFM has been used to study the structural details of bacterial [6, 7] , animal [8] and plant cells [9] [10] [11] . As AFM is free of the limitations of the traditional methods for studying the pollen-stigma interaction, we used it obtain a detailed look at the events occurring on the stigma surface. In particular, we used AFM to visualize the fine topography of the tobacco stigma surface after compatible and incompatible pollination and clarify the pattern and dynamics of ECM secretion during the stigma response. Our results indicate that AFM is a promising technique for such purposes.
Materials and methods

Plant materials
Nicotiana tabacum cv Wisconsin38 and Luffa aegyptiaca Mill were grown under natural conditions in a garden at College of Life Sciences, Wuhan University, China.
Artificial pollination assay
Tobacco and Luffa pollen were used separately to artificially pollinate mature tobacco stigmas. 1, 3, 5 and 7 h after pollination, the stigmas were cut and placed on a slide for scanning. Several stigmas that had not been pollinated were also scanned as controls. All of the above experiments were performed at ambient temperature (25 -27 ℃ ) and 70% relative humidity. Each experiment was performed at least three times.
Stereomicroscopy
The surfaces of the unpollinated and pollinated mature stigmas were imaged using a stereomicroscope (SZX-ILLB 200; Olympus, Tokyo, Japan). These experiments were performed at ambient temperature (25-27℃) and 70% relative humidity.
Atomic force microscopy
Images were captured using a PicoScan AFM (Molecular Imaging, Inc., Tempe, AZ, USA) operating in the contact mode. Specially coated AFM tips (type MAC tips; Molecular Imaging, Inc.) were employed. The spring constant was 0.95 N/m. An AFM "M" piezo scanner was used, which had a maximum scan range of 30 µm 2 and a maximum z-range of 6 µm. A scan size of 8 µm × 8 µm was chosen for this work since it covered a major portion of the stigma surface. All images were directly extracted from the topographic data and are shown in pseudo-3-D mode. The images were collected in air at atmospheric pressure under ambient temperature (20-22℃) and 70% relative humidity.
Data presentation and analysis
For presentation, the images were flattened and autocontrast was used to emphasize the details. For data analysis, the surface roughness of each image was assessed with visual SPM software (Molecular Imaging, Inc.), which allowed us to quantify the root-mean-square (RMS) parameters. The data from three repeats were averaged and the standard deviation was calculated. Horizontal cross sections were randomly chosen and displayed using visual SPM software.
Results and discussion
We investigated the top of the mature stigma, which is known as its active surface and covered by a sticky exudate prior to pollination (Figure 1(a) ). The protuberances and clefts characterizing the ECM on the stigma surface were visible by AFM prior to pollination ( Figure  1(b) ). Slight differences were observed in the number, morphology and/or distribution of the protuberances and clefts among individual stigmas. Both the tobacco and Luffa pollen were able to adhere to the exudate on the stigma surfaces (Figure 1(c) and (d)). After pollination with tobacco grains, the stigmas showed a response within the first hour, in the form of enlarged protuberances and clefts (Figure 2(a) ). Later, the protuberances began to rise. After 3 h, the protuberances became much larger, and consequently, the clefts
